The linear polarization pattern produced by scattering processes in the Ca i 4227Å resonance line is a valuable observable for probing the solar atmosphere. Via the Hanle effect, the very significant Q/I and U/I line-center signals are sensitive to the presence of magnetic fields in the lower chromosphere with strengths between 5 and 125 G, approximately. On the other hand, partial frequency redistribution (PRD) produces sizable signals in the wings of the Q/I profile, which have always been thought to be insensitive to the presence of magnetic fields. Interestingly, novel observations of this line revealed a surprising behavior: fully unexpected signals in the wings of the U/I profile and spatial variability in the wings of both Q/I and U/I. Here we show that the magneto-optical (MO) terms of the Stokes-vector transfer equation produce sizable signals in the wings of U/I and a clear sensitivity of the Q/I and U/I wings to the presence of photospheric magnetic fields with strengths similar to those that produce the Hanle effect in the line core. This radiative transfer investigation on the joint action of scattering processes and the Hanle and Zeeman effects in the Ca i 4227Å line should facilitate the development of more reliable techniques for exploring the magnetism of stellar atmospheres. To this end, we can now exploit the circular polarization produced by the Zeeman effect, the magnetic sensitivity caused by the above-mentioned MO effects in the Q/I and U/I wings, and the Hanle effect in the line core.
INTRODUCTION
The Ca i line at 4227Å presents one of the largest scattering polarization signals of the so-called Second Solar Spectrum (e.g., Gandorfer 2002) , and indeed, it was among the first ones to be observed (e.g., Brückner 1963; Stenflo 1974 Stenflo , 1982 Wiehr 1975) . In the intensity spectrum, this line has a broad absorption profile with extended wings, while in the linearly-polarized spectrum due to scattering processes (the Second Solar Spectrum) it shows a peculiar triplet peak structure Q/I profile, with a sharp peak in the line core, and polarizing lobes in the wings. In observations of quiet regions close to the limb, the central peak typically has an amplitude of approximately 2%, while the wing lobes reach amplitudes of about 3%. The core of this line is sensitive to the thermodynamic conditions in the lower chromosphere (its formation height is around 1000 km above the τ 5000 = 1 surface). At such altitudes, the density of perturbers is relatively low and scattering is basically coherent in the atomic rest frame. Coherent scattering with partial frequency redistribution (PRD) due to the Doppler effect in the observer's frame are key physical ingredients at the origin of the aforementioned extended Q/I wing signals (e.g., Auer et al. 1980 larization in the line core is modified through the Hanle effect (see Faurobert-Scholl 1992; Frisch 1996) . For this line the Hanle critical field 6 is close to 25 G, so we can expect a noticeable impact on the line core amplitudes of Q/I and U/I for field strengths as weak as 5 G.
The Ca i 4227Å line is produced by a resonance transition between an upper level with total angular momentum J u = 1, and a lower level with J = 0. Moreover, its upper level is not radiatively coupled to any level with lower energy other than the lower level of the transition which, being the ground level, has a very long lifetime. Therefore, this spectral line can be suitably modeled using a two-level model atom with an infinitely sharp and unpolarized lower level. Anusha et al. (2010) studied the non-magnetic behavior of the Ca i 4227Å line by considering various generalizations of the last scattering approximation. Later, Anusha et al. (2011) performed PRD radiative transfer (RT) calculations for the polarization profiles accounting for the Hanle effect together with the longitudinal Zeeman effect, with the aim of determining the magnetic field vector from disk-center observations. Carlin & Bianda (2017) studied the sensitivity of this line to the vertical gradients of the vertical component of the macroscopic velocity in a three-dimensional (3D) solar model atmosphere, neglecting the symmetry breaking effects caused by the horizontal transfer of radiation.
Spectropolarimetric observations of the Ca i 4227Å line were conducted at IRSOL using ZIMPOL-II (see Bianda et al. 2003) . Such observations showed a sur- 6 The Hanle critical field for the onset of the Hanle effect is given by Bc = 1.137 · 10 −7 Γ R /gu, where Γ R is the radiative line broadening parameter and gu is the upper level's Landé factor.
prising result, namely that the U/I profiles can also be very significant in the line wings and that there are spatial variations of the wing signals, both in Q/I and U/I. Sampoorna et al. (2009) also presented observations of this line with ZIMPOL-II, pointing out a similar behavior. Their study, based on the last scattering approximation, led them to discard the possibility that the Hanle effect could operate outside the line core region due to the impact of elastic collisions, and they suggested that the mysterious behavior of the Q/I and U/I wings could perhaps have a non-magnetic origin in terms of local inhomogeneities. In this paper, we present an alternative explanation in terms of RT effects that modify the radiation as it propagates through the magnetized solar atmosphere and introduce magnetic sensitivity in the wings of Q/I and U/I.
The fact that this line has a clear sensitivity to PRD effects, together with the fact that it can be modeled using the two-level atom model with an unpolarized and infinitely sharp lower level, makes it an ideal candidate to be studied through the forward modeling approach and numerical code presented in Alsina Ballester et al. (2017) , hereafter ABT17. In such paper, as well as in Alsina Ballester et al. (2016) , we reported our theoretical discovery, achieved within the framework of the PhD thesis of the first author of this paper, that, in strong resonance lines for which the effects of PRD are important, the magneto-optical (MO) ρ V Q and ρ V U terms of the transfer equations for Stokes U and Q, respectively, can produce significant U/I wing signals and a magnetic sensitivity in the wings of both Q/I and U/I. In ABT17 we illustrated the significance of this new polarization mechanism by solving the radiative transfer problem for the Sr ii 4078Å line, while in Alsina Ballester et al. (2016) we demonstrated its impact on the near wings of the Mg ii k line at 2795.5Å (see also del Pino Alemán et al. 2016 and Manso Sainz et al. 2017 for a two-term model atom investigation of the observational signatures of such MO effects across the h & k lines of Mg ii).
Motivated by the surprising spectropolarimetric observations of the Ca i 4227Å line mentioned above, and by the potential interest of this resonance line for probing the solar atmosphere, we have carried out a detailed radiative transfer investigation about the impact of scattering processes and the joint action of the Hanle and Zeeman effects on the Stokes profiles of this line. Since the problem is very complex, given that we account for the effects of PRD in the presence of arbitrary magnetic fields, here we use one-dimensional (1D) semiempirical models of the solar atmosphere. This is sufficient to show clearly that the presence of weak magnetic fields in the region of formation of the line wings (i.e., the solar photosphere) can produce very significant signals in the wings of the U/I profile, and a conspicuous magnetic sensitivity in both the Q/I and U/I wings.
FORMULATION OF THE PROBLEM
We model the Ca i 4227Å line using the RT code described in ABT17, which calculates the Stokes profiles of the emergent radiation assuming a two-level atom with an unpolarized and infinitely sharp lower level, and taking PRD effects into account, according to the theoretical approach of Bommier (1997a,b) . The code accounts for the splitting of the magnetic sublevels produced by a magnetic field of arbitrary strength and orientation (Zeeman effect), as well as for its impact on the atomic level polarization (Hanle effect). Stimulated emission is neglected, which is a reasonable approximation when considering radiation fields weak enough that the average number of photons per mode is much smaller than unity, as is the case for the radiation fields found in the solar atmosphere.
The intensity and polarization of a monochromatic beam, with frequency ν and propagating in direction Ω, are governed by the RT equations
where s is the geometrical distance along Ω. In this equation the Stokes parameters I i with i = [0, 1, 2, 3] = [I, Q, U, V ] are coupled to one another through the propagation matrix
The quantity η I is the absorption coefficient, which quantifies the extinction of a radiation beam as it propagates through the atmospheric material. The dichroism terms η Q , η U and η V quantify the differential absorption of radiation in a given polarization state, while the anomalous dispersion terms ρ Q , ρ U and ρ V measure the coupling between different polarization states. From the explicit expression of these terms (Landi Degl'Innocenti & Landolfi 2004, hereafter LL04) , it can be seen that if no lower level polarization is present (as it is the case of the line under investigation, which has J = 0), the propagation matrix is diagonal unless a magnetic field is present and the Zeeman splitting is taken into account in the line profiles. The quantities ε i are the emission coefficients for each Stokes parameter. In general, all the RT coefficients depend on the spatial point, frequency, and direction, and they can be decomposed into the sum of a line and a continuum component. In the visible part of the solar spectrum, continuum processes do not bring any contribution to dichroism and anomalous dispersion (e.g., LL04), so that the continuum part of the propagation matrix is diagonal. The continuum emission coefficient has a thermal component, and a scattering component, which we treat as purely coherent in the observer's reference frame (see ABT17 for more details).
For a two-level atom with an unpolarized lower level, the line components of the propagation matrix elements, considering a reference frame in which the quantization axis for total angular momentum is parallel to the magnetic field, are given by
where the apex indicates that the corresponding quantity represents the line contribution only. The polariza-
(J , J u ; ν) and the generalized dispersion profile Ψ K,K Q (J , J u ; ν) are defined and discussed in detail in Appendix 13 of LL04, and can also be found in ABT17.
The line contribution to the emission coefficient can be divided into a radiative and a thermal part
The expression of the thermal part can be found in ABT17. Working within the framework of the redistribution matrix formalism (e.g., Hummer 1962) , the radiative part is given by
The convention according to which primed quantities refer to the incident radiation, while unprimed ones refer to the scattered radiation has been used. The redistribution matrix R(ν , Ω , ν, Ω; B) ij relates the frequency, direction, and polarization properties of the incoming radiation to those of the scattered radiation. For the case of a two-level atom with an infinitely sharp lower level, it can be expressed as a linear combination of two terms (Hummer 1962 )
The first term on the rhs represents the contribution due to scattering processes which are coherent in the atomic rest frame, while the second one represents the contribution due to scattering processes in which the frequencies of the incoming and scattered radiation are completely uncorrelated (CRD). The explicit expressions for these contributions, originally derived by Bommier (1997b) , are written in ABT17, taking into account Doppler redistribution in the observer's reference frame, and taking the quantization axis for total angular momentum along an arbitrary direction. Therein, the iterative method applied in order to obtain a converged solution of the full non-LTE RT problem is also detailed. The calculations presented in this paper are carried out considering the semiempirical models of Fontenla et al. (1993) and Avrett (1995) . The non-LTE RT problem is first solved neglecting polarization, using the Multi-Level Accelerated Lambda Iteration (MALI) code developed by Uitenbroek (2001) , which we will hereafter refer to as RH, in the absence of magnetic fields. This RT code is executed considering a Ca i atomic model which consists of 20 levels, including the ground level of Ca ii, and accounts for 17 line transitions and 19 continuum transitions. All spectral lines are computed assuming CRD, except for the 4227Å line itself, which receives a PRD treatment. This calculation provides the population of the lower level (which will then be fixed when solving the non-LTE polarized RT problem), as well as the initial estimate of the radiation field present at each height point in the atmosphere. The RH code is also used to calculate the values of the collisional rates, and of the continuum thermal emissivity, which are then required as inputs for the code described in ABT17. We consider a right-handed Cartesian reference system with the Z-axis directed along the local vertical and the X-axis directed so that the direction to the observer (i.e., the line-of-sight, or LOS) lies in the XZ plane (see Fig. 1 ). The LOS is thus fully determined by specifying the value of µ ≡ cos(θ), with θ the inclination with respect to the local vertical. The direction of the magnetic field is specfied by its inclination (θ B ) and azimuth (χ B ), measured counter-clockwise from the X-axis. The direction for positive Stokes Q is taken along the Y -axis, so for inclinations of the LOS other than µ = 1 it is parallel to the limb.
When solving the RT equation in the code described in ABT17, the inclinations considered in the calculation are selected using a Gauss-Legendre quadrature, with nine directions in the 0
• , 90
• interval and nine more in the 90
• , 180
• interval. A total of eight, equally spaced, azimuths are taken. Except where otherwise specified, the magnetic field's strength and orientation is assumed to be constant over all atmospheric heights.
RESULTS FOR VARIOUS ATMOSPHERIC MODELS
In order to provide some insight into how the Ca i 4227Å spectral line is shaped when emerging from different solar regions, we compare the synthesized profiles obtained from calculations using the various semiempirical atmospheric models presented in Fontenla et al. (1993) with each other. We recall that model A (hereafter FAL-A) is representative of a faint region of the quiet Sun, model F (FAL-F) of a bright region of the quiet Sun, and model P (FAL-P) of a typical plage area. Model C (FAL-C) represents instead an average region of the quiet Sun. Analogous calculations have been performed using the M CO model presented in Avrett (1995) . This model is also representative of a region of the quiet Sun, but at heights of around 1000 km its temperature and density are sensibly lower than for the previous quiet Sun models. Such models are static, so in this work we do not investigate the impact of atmospheric dynamics. Fontenla et al. (1993) and in Avrett (1995) .
In Fig. 2 , the temperature T , the electron number density n e , the number density of neutral hydrogen atoms n H , and the coherence fraction α c are shown as a function of height for the five atmospheric models we have considered. The coherence fraction is the probability that, after absorption, a photon will be reemitted before the atom is perturbed by an elastic collision, provided that relaxation occurs through a radiative process. Its expression can be found in ABT17. In models corresponding to more active regions, such as FAL-P, the transition region is found deeper in the atmosphere than for models corresponding to quieter regions, such as FAL-A. In the chromosphere and upper layers of the photosphere, T , n e and n H are all greater for models corresponding to more active regions.
In Fig. 3 the emergent intensity and Q/I are calculated for an LOS with µ = 0.5, in the absence of magnetic fields. Given that the positive direction for Q has been taken parallel to the limb, the resulting U is zero. In the absence of a magnetic field, no circular polarization is produced, and thus neither the U/I nor the V /I profiles are shown. Comparing the results for the various models, we see that the line core intensity is lowest for FAL-A, and then gradually increases for M CO , FAL-C, FAL-F, and FAL-P, for which it is the largest, in agreement with the findings of Supriya et al. (2014) .
For each of the semi-empirical models used we have determined the height at which the optical depth is unity (τ = 1) for an LOS with µ = 0.5, both at the line center wavelength (λ c = 4226.72Å) and at the wavelength corresponding to the Q/I maximum in the blue wing lobe for the FAL-C model (λ w = 4226.39Å). For each model, the temperature at such heights is shown in Table. 1. It is interesting to note that, although the temperature at the spatial point where τ λc = 1 is substantially higher in the FAL-A model than in M CO , due to non-LTE effects, the line core intensity of the emergent radiation obtained in the latter model is slightly larger than in the former.
In the line wings, the intensity signals obtained in the four models presented in Fontenla et al. (1993) have the same relation to one another as in the line core, i.e., with the intensity in the FAL-A model being the lowest and the one in FAL-P being the largest. Indeed, the temperature is also lowest in FAL-A and largest in FAL-P around the wing formation region. However, when going from the line core into the wings, the intensity profile obtained using the M CO model presents qualitative differences with respect to the others, as a consequence of how the aforementioned atmospheric parameters are stratified in this particular model.
As far as the linear polarization is concerned, the largest line core Q/I signal is obtained in the M CO model, followed by FAL-A, FAL-C, FAL-F, and FAL-P. The Q/I of the emergent radiation is an indication of the radiation anisotropy in the atmospheric regions around which the line forms. Such anisotropy is strongly influenced by the gradient of the source function, and thus the Q/I is sensitive to the model's temperature gradient around the line formation region. In the wings, the relation between the Q/I lobes obtained in the various models is the same as in the core, given that the temperature gradient at the heights were such lobes form is also the most pronounced in M CO , and the smoothest for FAL-P. However we point out that, when going from the core into the wings, qualitative differences are also found between the Q/I obtained with M CO and the other models, for the same reason as discussed above.
We note that the wavelengths corresponding to the Q/I wing maxima vary slightly according to the model. This is due to the fact that the position of such maxima 
TABLE 1
Height and temperature at the spatial point where the optical depth is unity in the considered atmospheric models, for an LOS with µ = 0.5, at the line center wavelength (λc = 4226.72Å) and at the wavelength corresponding to the maximum of Q/I in the blue wing lobe in the FAL-C model (λw = 4226.39Å). are sensitive to the ratio of the line to the continuum opacity and the branching ratio between the R II and R III redistribution matrices, which depend on the particular srtatification of atmospheric parameters in each model. We also point out that the wavelengths at which such maxima occur depend on the LOS under consideration. Given that the polarization profiles are very sensitive to the atmospheric model (i.e, to the solar region from which the radiation originates), using the radiation polarization in order to diagnose solar magnetic fields requires that the local atmospheric parameters, such as temperature and density, be independently constrained, e.g., by means of the intensity of the emergent radiation.
For the sake of brevity, in the following sections we will only be considering calculations performed in the FAL-C model.
THE DEPOLARIZING EFFECT OF COLLISIONS
In the absence of collisions, scattering would be perfectly coherent in the atomic rest frame and, therefore, only R II would be required to describe it. Elastic collisions relax the frequency coherence of scattering, and make the branching ratio contained in the R III term nonzero. In the calculations presented in this paper, the elastic collisional rate Q el has been taken from the RH code, which calculates it following Anstee & O'Mara (1995) and Barklem & O'Mara (1997) . Furthermore, elastic collisions with neutral perturbers have the additional effect of relaxing atomic level polarization, i.e., of equalizing the populations of the different magnetic sublevels of a given J-level and relaxing quantum coherences between them, thus modifying (generally decreasing) the linear polarization fraction of scattered radiation. Clearly, the depolarizing effect of collisions is only contained in the R III redistribution matrix (see ABT17, and also Bommier 1997b).
In the calculations presented in the previous sections, the depolarizing effect of elastic collisions has always been neglected. We now include this effect assuming that the D (2) multipolar component of the depolarizing rate is given by (see Bommier 1997b; Stenflo 1994)
where Γ E = Q el is the line broadening constant due to elastic collisions. Given that the Ca i 4227Å line is produced by a 0-1 transition, no D (K) rates with K larger than 2 are involved in the calculations. The specific relation between the various D (K) rates depends on the type of interaction between the atom and the perturber (see LL04). For an interaction that can be described by a tensorial operator of rank 2, as is the case for a Van der Waals potential, D
which coincides with the value that is obtained from a classical description of the atom as a collection of oscillators (see LL04). We finally recall that, by definition,
In Fig. 4 , the synthesized profiles obtained when using the collisional depolarizing rates discussed above are compared to the ones obtained when they are neglected, for an LOS close to the limb (µ = 0.1) and for one close to disk center (µ = 0.9). Given that the D (K) rates considered here are an estimate, we have also performed the calculations when multiplying such rates by a factor 10, in order to ensure that the depolarizing effect of collisions is not being underestimated. For the near-limb , which has been considered only for illustrative purposes (see text for more details). The upper row shows the results for an LOS with µ = 0.1, while the bottom row represents the same calculations for µ = 0.9. No magnetic field is considered. The reference direction for positive Stokes Q is taken parallel to the limb. Note that only the curves for Q/I at µ = 0.9 can be distinguished.
calculation, the depolarizing effect of collisions has no perceivable impact on the Q/I profiles, either in the core of the line or in the wings, even when the depolarizing rates are artificially increased by a factor 10.
This negligible effect of depolarizing collisions could be expected, observing that the core of the Ca i 4227Å line forms in the chromosphere. For an LOS with µ = 0.1 the height corresponding to τ = 1 in the core region ranges from 925 km in the M CO model to 1300 km in FAL-P. Around such heights the coherence fraction is close to one, and so essentially all scattering processes are described by R II rather than by R III . Therefore, the polarization fraction of the line core is practically insensitive to depolarizing collisions.
The line wings originate much deeper in the atmosphere, where the coherence fraction is considerably smaller than unity. Nevertheless, it must be observed that the contribution to the wing emissivity brought by R III is much smaller than the contribution brought by R II . This can be seen from the expressions of the redistribution matrices: while the emission profile of the latter is centered around the frequency of the incoming photon ν , for the former it is a generalized profile that decreases very quickly outside the Doppler core. In the scattering processes described by R III , the scattered photon is therefore more likely to be re-emitted in the line core region (although the frequency of the absorbed one was in the line wings), and so, even when the branching ratio for R III is significant around the wing formation region, its contribution to the emissivity at these wavelengths is, comparatively, very small. Therefore, the radiation scattered at wing frequencies is largely unperturbed by elastic collisions, so their depolarizing effect is not significant.
Close to disk center, the radiation emerging both in the line core region and in the wings originates deeper in the atmosphere, and so the rate of elastic collisions is slightly larger, leading to smaller coherence fractions. Despite such differences, the effect of depolarizing collisions on the Q/I signal is only appreciable in the line core spectral region, and only when unrealistically large D (K) rates are artificially imposed. We can thus conclude that the depolarizing effect of elastic collisions is completely negligible in this line, and therefore it will not be considered in the calculations presented in the rest of this paper.
THE IMPACT OF MAGNETO-OPTICAL EFFECTS
In this section, we consider the impact of magnetic fields on the polarization of the emergent radiation through the anomalous dispersion terms of the propagation matrix. In the absence of lower level polarization, these terms arise because of the Zeeman splitting of the magnetic sublevels, and their effects on the radiation field are generally referred to as magneto-optical (MO) effects. The ρ V term is of particular interest. It couples the Stokes Q and U parameters when radiation travels through the magnetized plasma, thus producing a rotation of the plane of linear polarization (see LL04). This effect, whose impact is proportional to the longitudinal component of the magnetic field, is also known as Faraday rotation (for a more extensive discussion, see Pershan 1967; Portis 1978) . As discussed in Alsina Ballester et al. (2016 Ballester et al. ( , 2017 , this effect is significant only in the wings, where ρ V , which is a linear combination of dispersion profiles and is proportional to the Zeeman splitting, can become comparable in magnitude to η I already for relatively weak magnetic fields. The spectral dependence of the ρ V /η I ratio for Ca i 4227Å is shown in the bottom right panel of Fig. 5 , taking the atmospheric parameters from the FAL-C model, at a height of 250 km above the τ 5000 = 1 height. One can clearly see that, outside the Doppler core, this ratio reaches significant values already for longitudinal fields of 20 G, and for a 50 G field it is significantly larger than unity. We note that if only the line contribution to η I were considered, the ratio would be constant with frequency outside the Doppler core. However, the continuum contribution to the absorption coefficient becomes increasingly dominant further into the wings. Thus, when such contribution is considered, the ratio eventually decreases to zero. As for the other RT coefficients, we observe that the η V /η I ratio is significant in the Doppler core but, as can be seen in the top right panel of Fig. 5 , it becomes very small outside such spectral region. For the field strengths considered in the figure, which are reasonable values for quiet solar regions, both the η Q /η I and ρ Q /η I ratios are very small and, for our specific choice of the reference direction for positive Stokes Q, η U and ρ U are zero. As can be seen from Eqs. (1) and (2), only the MO effects quantified by ρ Q and ρ U are involved in the transfer equation for Stokes V , and so, in the presence of the comparatively weak fields considered here, their impact on the circular polarization of the emergent radiation is inconsequential.
We now present some applications in order to study the impact of the MO effects on the Ca i 4227Å line in greater depth. We consider horizontal magnetic fields, and two different LOS, one close to the limb (µ = 0.1) and one at disk center (µ = 1). Since the intensity profiles are not noticeably affected for the magnetic field strengths we are considering in this work (ranging up to 100 G), only the polarization profiles will be shown in the remainder of this section.
5.1. Close to the limb LOS (µ = 0.1) In Fig. 6 , near-limb calculations are shown in the presence of an almost longitudinal magnetic field, both taking into account and neglecting the ρ V term in the RT equations when obtaining the self-consistent solution of the non-LTE RT problem in the atmosphere, and when calculating the emergent radiation along the considered direction. In the core of the line, where the ρ V /η I ratio is small (unless the magnetic field is very strong), we attribute the change in Q/I and U/I to the Hanle effect which, for the geometry considered here, operates by reducing the degree of linear polarization of the emergent radiation and rotating its plane of polarization.
In the wings, however, the Hanle effect is expected to have no impact, although this is strictly true only in the collisionless regime (see LL04). On the other hand, we have already pointed out that also when collisions are taken into account (and the coherence fraction can be sensibly different from unity), the emissivity in the wings is mainly due to coherent scattering. These processes are, by definition, unperturbed by collisions, and therefore the scattered radiation cannot eventually be sensitive to any kind of collisionally induced wing Hanle effect. This can be verified both from the explicit expression of the R II redistribution matrix (see Appendix B), or from time-energy uncertainty arguments (see FaurobertScholl 1992) . This was also confirmed by Sampoorna et al. (2009) , who modeled the Ca i 4227Å line under the last scattering approximation, in the Hanle effect regime, taking the effect of collisions into account. Their calculations show that only a very small magnetic sensitivity is found in the wings when collisions are taken into account. Indeed, despite searching over a large parameter space of collisional rates and magnetic field strengths and configurations, they were unable to reproduce the wing behavior of the Q/I and U/I profiles observed by Bianda et al. (2003) .
The linear polarization in the line wings is nevertheless sensitive to the magnetic field through the MO effects. As shown in Fig. 6 , for fields as weak as 5 G, significant U/I signals in the wings already appear due to such effects, and for slightly stronger fields (around 10 G), a reduction in Q/I is already noticeable. Note that the wavelengths corresponding to the Q/I and U/I wing maxima also change when the MO effects operate, moving increasingly far away from line center as the magnetic field strength increases.
It is also worth mentioning that, by taking a magnetic field whose orientation is constant over the whole atmosphere -and almost parallel to the LOS -we are considering a geometry which is especially advantageous for ρ V to have an impact on the linear polarization of the emergent radiation. As can be seen in the figure, the fact that such magnetic sensitivity only arises when the ρ V term is taken into account clearly demonstrates that it is not a consequence of the Hanle effect, but rather of the MO effects. Moreover, the circular polarization profile is obviously unaffected by the inclusion of ρ V in the calculation.
The fact that the efficiency of the MO effects in modifying the wing polarization depends on the longitudinal component of the magnetic field can be further illustrated by considering magnetic fields with a constant inclination, and different azimuths. The closed curves in Fig. 7 show the variation on the Q/I-U/I plane (or Hanle diagrams) of the linear polarization of the emergent radiation calculated in the presence of magnetic fields with constant strength (B = 50 G) and inclination, while azimuths in the χ B = [0
• ] range are considered. Such diagrams are shown both for the line center, where the Hanle effect operates, and for the wavelength that corresponds to the maximum of the Q/I profile in the blue wing, where the MO effects operate. Let us first consider the case of a horizontal magnetic field (see the upper panels of Fig. 7) . We point out that for azimuths χ B = 90
• and χ B = 270
• , no U/I is produced in the line wing, since the magnetic field is perpendicular to the LOS. Likewise, for these azimuths no U/I is produced at line center, and their Q/I values differ from one another because we are considering LOS other than µ = 0 or µ = 1 (e.g., Trujillo Bueno 2001). Moreover, for horizontal fields the Hanle diagrams are symmetric with respect to U/I = 0, both for line center and for the line wing maxima. This is because the rotation of the plane of linear polarization is produced, both for the Hanle effect and for the MO effects, by the component of the magnetic field that is parallel to the LOS. For , and 100 G (solid curves). The reference direction for positive Stokes Q is taken parallel to the limb. The panels for η U /η I and ρ U /η I are not included because these quantities are zero for the considered geometry.
a horizontal magnetic field with azimuth χ B , its component along the LOS is opposite to that of a magnetic field with χ B +180
• . As a consequence, for radiation reaching an observer from a spatially unresolved region in which various horizontal magnetic fields are present, such that their azimuths are equally distributed in any direction, the overall U/I signal will be canceled out, for any LOS, both at line center and in the wings. The situation is clearly different if a magnetic field with a different inclination is considered, as is illustrated for θ B = 30
• in the lower panels of Fig. 7 . In this case, the Hanle diagrams are not symmetric around U/I = 0, since the longitudinal components of the magnetic fields are not generally symmetrically distributed around the LOS. Thus, if the radiation reaches the observer from a spatially unresolved region with magnetic fields of inclination 30
• and equally distributed azimuths, there will be a remaining non-zero U/I signal.
It is also interesting to study the variation of the total linear polarization fraction
and the linear polarization angle
induced by such MO effects. In Fig. 8 , P L and α are shown for the same geometry as in Fig. 6 . In the core of the line one encounters the typical behavior of the Hanle effect, i.e., the linear polarization fraction is reduced as the magnetic field increases, and α increases as the Hanle effect gives rise to a U/I signal. When Hanle saturation is approached, further increases in the field strength produce smaller changes in the linear polarization fraction and angle. When all terms are included in the propagation matrix, the behavior in the wings (due to ρ V ) and in the core (due to the Hanle effect) is qualitatively similar, but with some differences (see also Fig. 7 ). For weak fields (around 5 G), the change in the linear polarization fraction is much greater in the core than in the wings, but as the magnetic field becomes larger and Hanle saturation is approached, the change with magnetic field of the linear polarization fraction in the wings begins to be greater than in the core. Also, as the magnetic field increases, both the reduction of the linear polarization fraction and the increase of the linear polarization angle extend increasingly further into the wings, as ρ V becomes significant compared to η I (which includes the continuum contribution).
A priori, one may not have expected Faraday rotation to cause a reduction of the total linear polarization fraction, as is found in the wings. Indeed, as is demonstrated in Appendix A, if the only nonzero coefficients of the propagation matrix in a given spatial region are η I and ρ V , and the region under consideration is nonemitting, then the linear polarization fraction of the radiation crossing this region remains constant, although the linear polarization angle will be modified. However, if polarized radiation is emitted within this region, and since the rotation of the plane of polarization induced by ρ V depends on the distance traveled through the magnetized material, the polarization angle of radiation originating at different points along the ray path is changed by different amounts. As a result, the total polarization fraction may effectively be reduced.
In order to reinforce our statement that the magnetic field dependence at wing and core frequencies is caused by different effects, in Fig. 9 we show P L for radiation emerging at µ = 0.1 in the presence of a horizontal field with χ B = 90
• , i.e., perpendicular to the LOS, accounting for Zeeman splitting and for the full propagation matrix. In the core, for the considered magnetic field geometry, the Hanle effect produces a reduction of the emergent polarization with no change in the linear polarization angle. In the wings, no rotation of the plane of linear polarization is produced by MO effects, because the magnetic field has no component along the LOS.
The linear polarization fraction, however, shows a small magnetic sensitivity in the wings, and we have checked that this only happens when ρ V is accounted for. This is a consequence of the fact that the polarization properties of the emissivity at a given spatial point depend, through the redistribution matrix, on those of the radiation reaching such point from all directions. For some of these directions -those for which the magnetic field has a longitudinal component -ρ V is nonzero, and it actually modifies the polarization of the pumping radiation field. As a result, the emitted radiation is somewhat depolarized. This mechanism was already identified and discussed in Alsina Ballester et al. (2016) , and it will be further addressed in the next section.
In the calculations presented in this work, the linear polarization of the continuum has always been included. This polarization is produced by Thomson and Rayleigh scattering, and it is parallel to the limb 7 . The impact of the continuum polarization on the emergent Stokes profiles can be seen in Fig. 10 , where the Q/I and U/I profiles emerging at µ = 0.1, calculated taking into account and neglecting continuum polarization, are compared. We show the profiles obtained in the absence of a magnetic field (upper panels), as well as in the presence of horizontal magnetic fields with azimuth χ B = 0
• , and field strengths of 20 G (middle panels) and 100 G (bottom panels). As expected, the continuum polarization has no influence at all in the line core region, where the line opacity is much larger than that of the continuum. Its contribution is, on the other hand, clearly appreciable in the wings of the Q/I and U/I profiles, becoming more significant as the magnetic field increases. The sensitivity of U/I to the continuum is particularly interesting, because the continuum polarization is parallel to the limb, and thus it should only contribute to Stokes Q. This sensitivity of Q/I and U/I to the continuum polarization is in fact another signature of the MO effects. Indeed, linearly polarized photons, produced by Rayleigh and Thomson scattering processes, are present deep in the atmosphere. These photons subsequently interact with atoms, being thereby subject to the MO effects, which rotate their plane of linear polarization, thus modifying the emergent Stokes Q/I and U/I signals with respect to the case in which the continuum polarization is not taken into account.
Disk center LOS (µ = 1)
Now we consider an LOS with µ = 1, i.e., the forward scattering case. In Fig. 11 , forward scattering polarization profiles are shown in the presence of horizontal fields of various strengths. The direction for positive Q is taken perpendicular to the magnetic field. Stokes U and V are zero in this case, and therefore they are not shown. At line center a Q/I signal arises in the presence of a horizontal magnetic field because of the Hanle effect in forward scattering (e.g., Trujillo Bueno 2001) . It is clear that the negative dips seen next to the line center, whose amplitudes scale with the square of the magnetic field strength, are caused by the Zeeman effect in emission.
Further into the wings, a slight sensitivity to the MO effects described by ρ V is found. Given that the magnetic field is perpendicular to this LOS, ρ V is zero for this direction. However, the radiation emerging with LOS µ = 1 is affected by the MO effects through the same mechanism discussed in the previous section (see Alsina Ballester et al. 2016 , for more details), which is related to the nonlocal nature of radiative transfer. The radiation propagating in directions upon which the magnetic field vector has a nonzero projection experiences a rotation of its plane of linear polarization, in spectral and spatial regions where ρ V /η I is significant. This causes a breaking of the axial symmetry of the radiation field in the wings, which is at the origin of the small magnetic sensitivity that is found at such wavelengths.
It is interesting to observe that the wing signals found in the Ca i 4227Å line due to the aforementioned mechanism are much weaker than the ones with the same origin obtained in the Mg ii k line (see Alsina Ballester et al. 2016) . The reason for this is related to the fact that the wings of the Ca i 4227Å line form much lower in the atmosphere, at the photospheric level. The linear polarization fraction of the radiation propagating at such atmospheric heights, in any direction, is very small. Therefore, the MO effects, which rotate its plane of linear polarization, of course have very little impact on it. As a result, the impact of the MO effects on the linear polarization signals at µ = 1 is very small, even for magnetic field strengths of 100 G. Thus, disentangling the magnetic origin of the wing linear polarization signals from the atmosphere's thermodynamical properties would be a very challenging task, even without considering the spectral smearing of the measured signals due to the finite resolution of any instrument.
We have also emulated such spectral smearing by convolving the synthesized Stokes profiles with a Gaussian function. In particular, we have observed that the dip shown by the Q/I profile in the line-core region, which becomes more pronounced going from the limb to the disk center, can no longer be distinguished at µ = 0.1 when the FWHM is larger than 50 mÅ, while for an LOS with µ = 0.9, it is lost if the FWHM is 65 mÅ, or larger. Bianda et al. (2003) presented near-limb observations of the Ca i 4227Å line, in which both a significant spatial variation in Q/I and significant U/I signals were found at wing wavelengths. Given that the Hanle effect is restricted to the line core region, both these authors and others (see Sampoorna et al. 2009 ) suggested a nonmagnetic origin for this behavior, such as the symmetry breaking produced by the presence of local atmospheric inhomogeneities. While we cannot exclude that such inhomogeneities also play a role, our key point is that the MO effects introduce U/I wing signals and a clear magnetic sensitivity in the wings of Q/I and U/I, which imply spatial variability given that the magnetic field of the solar atmosphere is not spatially homogeneous.
Comparison with observations
The presence of a magnetic field in the formation region of the wings can, via a modification of the polarization angle induced by MO effects, produce a magnetic sensitivity in the wings. Clearly, the strength and orientation of the magnetic field at the formation region of the wings is not necessarily the same as that of the field around the formation region of the core. As shown below, this could explain why U/I at the core and in the wings can have different signs, as is found in Fig. 3 of Bianda et al. (2003) for an observation at µ = 0.3.
In Fig. 12 this is illustrated through calculations of the emergent linear polarization profiles for an LOS with µ = 0.1. The results obtained in the case in which a 20 G horizontal magnetic field with azimuth χ B = 0
• is present at all spatial points are compared to the case in which the orientation of the magnetic field changes at a height of 700 km above the photospheric surface, which is below the formation height for the core, but above the height where the Q/I wing lobes form. At 700 km and above, we consider a 20 G horizontal magnetic field with azimuth χ B = 0
• , while below this height the orientation of the magnetic field is inverted, setting χ B = 180
• . As expected, both the emergent Q/I and U/I profiles coincide in the core region, but this is not the case in the wings. Comparing with the profiles obtained in the absence of a magnetic field, it can be clearly seen that the MO effects cause a decrease of Q/I, no matter the sign of ρ V (which depends on the orientation of the magnetic field relative to the LOS). A U/I signal also appears, and it is positive or negative, depending on the sign of ρ V . This can be easily understood by observing that, in the absence of magnetic fields, the linear polarization plane is parallel to the limb (so that U/I = 0 with our definition of the reference direction), and that ρ V produces a rotation of the plane of linear polarization, which can be clockwise or counter-clockwise, depending on its sign.
In conclusion, if we assume that the magnetic field component along the LOS has opposite directions in the formation regions of the core and wings, then we can get a U/I signal with opposite signs in the core and wings. Such signals have indeed been found in the aforementioned observations of Bianda et al. (2003) .
Accounting for MO effects in lines such as Ca i 4227Å enhances their diagnostic capabilities, since the core and the wing of the line give information on the thermal and magnetic properties of the atmosphere over a large range of atmospheric heights. It is interesting to note that, via such MO effects, the wing polarization is sensitive to magnetic fields with strengths of the order of the Hanle critical field. This contrasts with the linear polarization due to the Zeeman effect in emission, which requires stronger fields in order to produce observable signals.
The circular polarization produced by the Zeeman effect is significant already at field strengths in the vicinity of the Hanle critical field, although its signals are found mainly at frequencies closer to the core and, therefore, it is not as suitable for obtaining information on the magnetism at lower atmospheric heights. It is well-known that the signatures of the Zeeman effect in emission tend to vanish, due to cancellation effects, in the presence of magnetic fields that are tangled at sub-resolution scales (e.g., in the presence of an isotropically distributed magnetic field). Concerning the signatures of the MO effects in the wings of the linear polarization profiles, we note that the U/I wing signals may also be canceled in the presence of similarly unresolved magnetic fields, although a net reduction in Q/I may still be appreciable if the magnetic field is structured at scales larger than the mean free path of the line's photons (see Fig. 12 ). On the other hand, in the presence of magnetic fields with mixed polarities at smaller scales (e.g., an isotropic microturbulent field), the field-averaged ρ V will be zero (see Eq. 48 of Alsina Ballester et al. 2017) , and thus the MO effects will have no observable impact on the linear polarization signals in the wings. This contrasts with the signatures of the Hanle effect, which reduce the overall polarization fraction of scattered radiation even in the presence of such fields (see the appendix of Trujillo Bueno & Manso Sainz 1999 ).
CONCLUDING COMMENTS
A few years ago, we theoretically discovered that, in strong resonance lines for which the effects of PRD produce broad Q/I profiles with sizeable amplitudes in their wings, the magneto-optical ρ V U and ρ V Q terms of the transfer equations for Stokes Q and U , respectively, produce broad U/I profiles with large wing signals, as well as an interesting magnetic sensitivity in the wings of both Q/I and U/I. That finding, summarized in Sect. 1, came after having developed a complex radiative transfer code for investigating the intensity and polarization of resonance lines, taking into account PRD phenomena and the joint action of scattering processes and the Hanle and Zeeman effects for arbitrary magnetic fields.
Motivated by the enigmatic spectropolarimetric observations of the Ca i 4227Å resonance line by Bianda et al. (2003) , which showed broad Q/I and U/I profiles and spatial variability in their wings, we have applied the radiative transfer code described in ABT17 and we have carried out a detailed radiative transfer investigation using semiempirical models of the solar atmosphere, taking into account the above-mentioned physical mechanisms.
The main result of our investigation of the Ca i 4227Å resonance line is that the joint action of PRD and MO effects produces broad linear polarization profiles with large amplitudes in their wings, with a clear magnetic sensitivity to field strengths as low as 5 G in the wings of both Q/I and U/I. We consider the illustrative examples of Fig. 12 , which are qualitatively similar to the observed profiles shown in Fig. 3 of Bianda et al. (2003) , as especially remarkable.
It is therefore very important to note that the magnetic sensitivity of the linear and circular polarization in the Ca i 4227Å line is controlled by the following mechanisms: (a) the familiar Zeeman effect, which produces measurable circular polarization signals when having spatially resolved fields with strengths larger than 10 G in the upper solar photosphere, (b) the Hanle effect in the core of the Q/I and U/I profiles, which is sensitive to magnetic fields as low as 5 G in the lower solar chromosphere, and (c) the joint action of PRD and MO effects, which creates U/I wing signals and makes the wings of Q/I and U/I sensitive to similarly weak magnetic fields in the solar photosphere. We point out that the observable U/I wing signals produced by the MO effects may be masked if magnetic fields with mixed polarities are present in spatially unresolved regions of the solar photosphere, although signatures of such MO effects will still be appreciable in Q/I if the magnetic field is structured at scales larger than the mean free path of the line's photons. Our additional finding that the linear polarization signals are practically insensitive to the depolarizing effect of elastic collisions will facilitate the development of suitable techniques for exploring the photosphere and chromosphere of the Sun via spectropolarimetry in the Ca i 4227Å line.
Moreover, we note that the emergent radiation may be sensitive to ρ V even when the magnetic field is perpendicular to the LOS. As shown in Alsina Ballester et al. (2016) , this kind of effect is expected to be very significant in the wings of the Mg ii k line, while the calculations performed in this work, considering a LOS with µ = 1 and a horizontal magnetic field, reveal that it is much less evident in the Ca i 4227Å line. We attribute this lack of sensitivity to MO effects to the fact that the wings of the Ca i 4227Å line form in the photosphere. In such atmospheric regions, the linear polarization degree of the radiation propagating in directions parallel to the magnetic field is very small, and as a result the MO effects only slightly modify the radiation field. As a consequence, the radiation scattered along the local vertical by such radiation field is likewise practically unaffected by the MO effects.
Finally, we emphasize that the MO effects we have discussed here produce observable signatures in the Q/I and U/I wings of strong resonance lines for which PRD phenomena are important, and that such spectral lines are typically found in the blue and ultraviolet regions of the solar spectrum (e.g., Ca i 4227Å, Sr ii 4078Å, Ca ii
). In our opinion, this is an extra scientific reason to develop ground, balloon and space telescopes with the capability of doing also high-precision spectropolarimetry in such relatively unexplored spectral regions.
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APPENDIX

A. THE CHANGE IN POLARIZATION FRACTION DUE TO FARADAY ROTATION
One could expect that ρ V , which couples Stokes Q and U in the transfer equation, should preserve the linear polarization fraction of the radiation propagating in the medium. In order to study this in greater depth, we consider the evolution operator formalism (e.g., Landi Degl 'Innocenti & Landi Degl'Innocenti 1985) . By definition, the evolution operatorÔ(s, s ), is a 4 × 4 matrix which, when applied to the Stokes vector at point s , yields the Stokes vector at point s (with s ≥ s ) I(s) =Ô(s, s ) I(s ) .
As can be found from Sect. 8.3 of LL04, in the case in which the only nonzero elements of the propagation matrix are η I and ρ V , the evolution operator takes the form
where
So the Stokes parameters, after applying the evolution operator, become
and together with Eqs. (A4) it can easily be found that
so the polarization fraction of the radiation does not change when it crosses this medium, independently of the values of η I and ρ V . However, this situation changes when we account for the fact that the material between points s and s may also emit radiation. In this case, the Stokes vector at point s can be obtained through
For simplicity we consider the case in which the Stokes parameters at point s are all zero, so only the polarization fraction for the radiation emitted in the slab between s and s will be considered; i.e., we disregard the second term in the rhs. We further simplify the problem by assuming that η I , ρ V and the four Stokes components of ε are constant along the slab. With these additional conditions
and so the evolution operator becomeŝ
Thus, the following integrals appear in Eq. (A6)
The Stokes parameters for the radiation emerging from the slab are then given by
and its linear polarization fraction by
From this last expression the following conclusions can be immediately extracted. Under these assumptions, if the emissivity in the slab is unpolarized, the emerging radiation will also be unpolarized independently of the width of the slab and on the value of η I and ρ V . However, provided that the emissivity is polarized, ρ V can affect the total linear polarization fraction. As could be expected, if ρ V is zero, the linear polarization fraction will not depend on ∆s = s − s or on η I , and furthermore, when ρ V is present, the resulting linear polarization fraction will not depend on its sign. These magneto-optical effects tend to reduce the linear polarization fraction of the emitted radiation, as shown in Fig. 13 , where the (T factor is plotted as a function of ρ V /η I . Note that this factor, which is unity in the absence of ρ V , indicates change in the emerging radiation's total linear polarization fraction. We recall that it is assumed that the η I , ρ V , and ε i are the only nonzero coefficients, and are constant over the whole slab. The various curves in the figure represent different ∆s for this slab and, given that η I is taken equal to one, they are a measure of different optical thicknesses ranging from 0.05 to 1. The linear polarization fraction of the radiation emerging from the slab tends to decrease with ρ V , although it is interesting to note that for certain values of ρ V /η I the rotation of the plane of polarization is particularly efficient in reducing the linear polarization fraction of the emitted radiation. Thus, in the plot one finds an oscillatory behavior as a function of ρ V /η I superimposed on the general decreasing trend. All this is in keeping with the discussion in Sect. 5, where it is explained how Faraday rotation, operating on the radiation propagating through a finite length of material, may cause a net reduction of the emergent radiation's linear polarization.
B. THE FAR-WING BEHAVIOR OF THE R II REDISTRIBUTION MATRIX
By definition, scattering processes that are not perturbed by an elastic collision are coherent in the atomic rest frame. Such processes are described by R II , given in Bommier (1997b) as R(ν , Ω ,ν, Ω; B) ij = KK Q MuMu M M pp p p
where M u and M u are the quantum numbers of the magnetic sublevels of the upper level; M and M are those of the lower level; and p, p , p , and p are quantum numbers which take integer values between −1 and 1. C K K QMuMu M M pp p p is a real number which contains the coupling between such angular momentum quantum numbers, and its expression is given in Bommier (1997b) . ν L is the Larmor frequency and g u is the Landé factor of the upper level. Γ R is the natural broadening of the line, Γ I is the line broadening due to inelastic collisions, and Γ E is the line broadening due to elastic collisions. The total line broadening is given by Γ = Γ R + Γ I + Γ E . In an atmospheric region where the number density of perturbers is high, and thus Γ E is large, it can be seen from the expression of R II that its branching ratio decreases. Nevertheless, as we have noted in Sect. 4 and as can be seen from the expression of R III given in Bommier (1997b) , the probability of a photon being emitted at a frequency outside the Doppler core by a line scattering process is much higher if such process is coherent than if it is perturbed by an elastic collision. Thus, the dominant contribution to the line emissivity at wing frequencies comes from R II . We now show that, in the atomic rest frame, the Hanle effect does not modify the polarized radiation emitted at wing frequencies through coherent scattering.
Let us consider the factor in R II which contains all its magnetic dependence, for each term in the sum over quantum numbers
The profiles Φ are given, in the atomic rest frame, by
Accounting for Zeeman splitting 
where Q = M u − M u . Thus, the factor in Eq. (B2) becomes
The magnetic dependence contained in the Hanle depolarization factor is canceled in the far wings by the magnetic dependence in the Lorentzian profiles. Thus, the Hanle effect does not operate at such frequencies. Nevertheless, the Dirac delta function relating the frequencies of the incoming and scattered radiations is still sensitive to the splitting of the magnetic sublevels of the lower level. We note, however, that the lower level of the Cai 4227Å line has J = 0, so R II has no magnetic dependence in the far wings at all.
